The thermal decomposition of ammonium thiocyanate (NH 4 SCN) was studied by thermogravimetry, differential thermal analysis, and mass spectrometry. It occurred in the temperature range from 400 to 530 K. The decomposition products contained NH 3 , CS 2 , H 2 S, and HNCS gases. Rare-earth oxides were reacted with these gases at 1273 K for 8 h in order to prepare rare-earth sulfides. The single tetragonal -La 2 S 3 phase was formed after the sulfurization of La 2 O 3 . In contrast, the single orthorhombic -Gd 2 S 3 phase was formed after the sulfurization of Gd 2 O 3 . These powders were consolidated by pressure-assisted sintering to fabricate the thermoelectric elements.
Introduction
Rare-earth sulfides with a cubic Th 3 P 4 -type structure (phase) have attracted considerable attention over the past few decades because of their promising high-temperature thermoelectric properties. 1, 2) The high thermoelectric efficiency of the -phase is attributed to its self-doping ability, low thermal conductivity, and high melting point. Further, a recent study of the tetragonal -phase has shown that its thermoelectric properties can be improved by the addition of Ti. 3) However, it is difficult to prepare the rare-earth sulfides since there is a significant difference in vapor pressure between rare-earth metals and sulfur. Hence, considerable effort has been devoted to the development of a method for preparing such materials.
Lanthanum sulfide (La 2 S 3 ) has three crystal phases: , , and . [4] [5] [6] [7] The low-temperature orthorhombic -phase transforms into the intermediate-temperature -phase at around 1173 K. The -phase is actually an oxysulfide. In the solid solution La 10 S 14 O 1Àx S x , the sulfur atoms of the -phase can be substituted by oxygen atoms. 8, 9) The -phase with a low oxygen content further transforms into the high-temperature -phase at around 1473 K. However, when the -phase is highly contaminated with oxygen impurity, it stabilizes over a wide range of temperature. Gadolinium sulfide (Gd 2 S 3 ) is known to exist in three phases: , and . [4] [5] [6] [7] As the temperature increases, the -phase first transforms into the monoclinic -phase; then, the -phase transforms into the -phase.
Sulfurization of rare-earth oxides, sulfates, or oxalates is a widely used method for preparing rare-earth sulfides. Carbon disulfide (CS 2 ) and hydrogen sulfide (H 2 S) gases are commonly used as sulfurizing agents. 4, 5, 7, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Gases that evolve during the thermal decomposition of ammonium thiocyanate (NH 4 SCN) can also be used as sulfurizing agents. 21) However, sulfurization with NH 4 SCN has not been investigated thoroughly. NH 4 SCN melts at 432 K and then partially isomerizes to thiourea. 22, 23) It undergoes thermal decomposition when the temperature exceeds 432 K. It is presumed that the evolved gases include ammonia (NH 3 ), CS 2 , H 2 S. 22, 23) Thus far, however, no detailed analysis has been performed for the identification of the gaseous species. The evolved gases play an important role in the sulfurization, and therefore, it is necessary to identify them.
The purpose of this study is to identify the gases that evolve during the thermal decomposition of NH 4 SCN in order to prepare rare-earth sulfides (Ln 2 S 3 , Ln ¼ La and Gd) by the sulfurization of the rare-earth oxides (Ln 2 O 3 ) with these gases. The thermal decomposition of NH 4 SCN was studied by thermogravimetry (TG) and differential thermal analysis (DTA). The evolved gases were characterized by mass spectrometry and used as sulfurizing agents for the preparation of Ln 2 S 3 powders from the Ln 2 O 3 powders. To fabricate the thermoelectric elements, these powders were consolidated by pressure-assisted sintering.
Experimental
The thermal decomposition of 99.5% pure NH 4 SCN (Kanto Chemical Co., Inc., Japan) was investigated by simultaneous TG-DTA measurements. During the analysis, the sample was heated to 540 K at a rate of 4.5 K/min under argon gas flow. Mass spectrometry was used for identifying the gases that evolved during the thermal decomposition. For mass spectrometry, the sample was heated to 750 K at a rate of 10 K/min under helium gas flow. The spectra were scanned in the m=z range of 10-320. * Graduate Student, Muroran Institute of Technology Figure 1 shows a schematic diagram of the apparatus used for the preparation of Ln 2 S 3 from Ln 2 O 3 and NH 4 SCN. It consists of a heating mantle that is used for the decomposition of NH 4 SCN powder and an electric furnace that is used for the sulfurization of Ln 2 O 3 powders. The starting materials used in this study were 99.9% pure La 2 O 3 powder (Anan Kasei Co., Ltd., Japan) and 99.9% pure Gd 2 O 3 powder (Shin-Etsu Chemical Co., Ltd., Japan). The mean particle sizes of the La 2 O 3 and Gd 2 O 3 powders were 1.8 mm and 1.0 mm, respectively. The powders were loaded in quartz boats that were subsequently placed in a reaction (quartz) tube. The tube was purged with argon gas and heated slowly to 1273 K. After the temperature of the Ln 2 O 3 powders reached 1273 K, we heated the NH 4 SCN powder by turning on the heating mantle; this powder decomposed at 468 K. The gases evolved during the thermal decomposition of NH 4 SCN were introduced with argon gas into the reaction tube. The flow rate of argon gas was maintained at 50 ml/min. After sulfurization for 8 h, the Ln 2 O 3 and NH 4 SCN powders were slowly cooled to room temperature.
These powders were consolidated by pressure-assisted sintering to fabricate the thermoelectric elements. They were placed in graphite dies with a diameter of 10 mm and then introduced into a sintering apparatus (SPS-511S, SPS Syntex inc., Japan). The vacuum chamber was pumped down to 7 Â 10 À3 Pa. The powders were sintered at 1773 K for 8 h under a uniaxial pressure of 50 MPa. The heating and cooling rates were 25 K/min and 50 K/min, respectively.
The crystal structure of the powders and the sintered samples was studied by X-ray diffractometry with Cu K radiation. Inductively coupled plasma atomic emission spectroscopy was used for determining the lanthanum and gadolinium contents of the powders. The sulfur and carbon contents of the powders were determined by infrared absorption after combustion in an induction furnace. The oxygen and nitrogen contents were determined by infrared absorption after fusion under inert gas. Figure 2 shows the TG and DTA curves of NH 4 SCN. NH 4 SCN is known to exist in three crystal phases. 24, 25) In the temperature range from 350 to 400 K, the DTA curve shows two endothermic peaks that can be attributed to phase transformations. The first endothermic peak corresponds to the transformation from the monoclinic phase to the orthorhombic phase at 360 K. The second peak is due to the orthorhombic to tetragonal phase transformation at 390 K. The weight of the sample is constant in this temperature range. At higher temperatures, two endothermic peaksa sharp peak and a broad peak-appear in the DTA curve, and the weight decreases. The sharp endothermic peak appears at approximately 430 K, and it corresponds to the melting point. The broad endothermic peak appears at around 500 K, and it is associated with the thermal decomposition. The weight reduces by 85% during the thermal decomposition at a temperature between 400 and 530 K.
Results and Discussion
The total ion current (TIC) measured during mass spectrometry of the evolved gases is shown in Fig. 3 . These gases were mainly produced when the temperature was in the range of 400-490 K. This result agrees with that obtained by the TG-DTA measurements. Figure 4 shows the mass spectrum of the gases that were produced at a temperature between 403 and 493 K. They were identified by comparing the obtained spectrum with the reference spectrum of NH 3 , CS 2 , H 2 S, CO 2 , SO 2 , and COS, which was taken from the NIST database, 26) and that of isothiocyanic acid (HNCS) reported by Kambouris et al. 27) The main decomposition products are NH 3 , CS 2 , H 2 S, and HNCS gases. Gases evolving from NH 4 SCN are almost the same as those evolving from thiourea, which is the isomer of NH 4 SCN. It has been shown that thiourea mainly decomposes into NH 3 , CS 2 , HNCS, hydrogen cyanide (HCN), and cyanamide (NH 2 CN) gases in the temperature range from 450 to 550 K. 28, 29) It should be noted that the gases evolving from NH 4 SCN contain CS 2 and H 2 S, which can be used for sulfurizing Ln 2 O 3 . HNCS gas could also be used as a sulfurizing agent. However, the effectiveness of HNCS as a sulfurizing agent has not been established, since no studies have been conducted on sulfurization with HNCS. As shown in Fig. 5 , these gases are produced in the temperature range from 400 to 490 K. As shown in Fig. 4 , the decomposition products of NH 4 SCN also contain CO 2 (m=z ¼ 44), SO 2 (m=z ¼ 64), and COS (m=z ¼ 60). The formation of CO 2 , SO 2 , and COS can be attributed to the oxygen impurities in the NH 4 SCN powder, inert helium gas, and measurement systems. The broad peak corresponding to m=z ¼ 44 at around 750 K in Fig. 5(e) is probably due to the formation of CO 2 . It has been reported that CO 2 is formed during the heat treatment of thiourea in air at 773-923 K. 29) Since the TIC intensity of the gases that evolved during the thermal decomposition of NH 4 SCN is maximum at around 468 K, the NH 4 SCN powder was heated at 468 K in the heating mantle in order to sulfurize the Ln 2 O 3 powders.
The sulfurization of Ln 2 O 3 with the evolved gases was carried out at 1273 K for 8 h. The XRD patterns of the powders prepared from Ln 2 O 3 and NH 4 SCN are shown in Fig. 6 . The results indicate that the sulfurization reaction proceeds predominantly. The single phase -La 2 S 3 is formed after the sulfurization of La 2 O 3 . In contrast, the single phase -Gd 2 S 3 is formed after the sulfurization of Gd 2 O 3 . It is well known that sulfurization with CS 2 gas is more efficient Fig. 3 Total ion current (TIC) measured during mass spectrometry of gases that evolved during the thermal decomposition of NH 4 SCN. The heating rate was 10 K/min. Fig. 4 Mass spectrum of the gases that evolved during the thermal decomposition of NH 4 SCN at a temperature between 403 and 493 K. than that with H 2 S gas. 10, 17, 19) Therefore, we believe that Ln 2 S 3 is mainly formed by sulfurization with CS 2 gas.
In the sulfurization temperature of 1273 K, NH 3 gas decomposes to H 2 and N 2 gases. Since H 2 gas is a powerful reducing agent for oxides, the formation of H 2 promotes possibly the sulfurization reaction. Moreover, as mentioned below, the formation of H 2 and N 2 gases have significant effects on the degree of purity of the powders. On the other hand, there is no indication that the sulfurization reaction is affected by the formation of CO 2 , SO 2 , and COS.
Results of the chemical analysis of the Ln 2 S 3 powders are summarized in Table 1 . These powders are 99.0% pure; they are contaminated with small amounts of oxygen, nitrogen, and carbon. The presence of oxygen in these powders indicates that a small amount of oxides remains unreacted. This implies that the sulfurization reaction is not completed. The results also indicate that sulfur sites in -La 2 S 3 are partially occupied by oxygen impurities. In fact, the -phase is an oxysulfide, as mentioned earlier. Nitrogen contamination probably occurs due to the nitridation of Ln 2 O 3 with NH 3 gas. Carbon contamination occurs due to the thermal decomposition of CS 2 and HNCS. Stao et al. 30) have shown that the carbon impurity in the Nd 2 S 3 powder is removed with H 2 gas that produced by the thermal decomposition of NH 3 . Likewise, the carbon impurity in the Ln 2 S 3 powders prepared in this study is most likely removed with H 2 gas. The carbon content is less than the oxygen and nitrogen contents. In the future, the sulfurization conditions should be investigated in order to improve the purities of the powders.
The Ln 2 S 3 powders were consolidated by pressureassisted sintering to fabricate the thermoelectric elements. After sintering, the densities of all the samples were found to be greater than 95% of the theoretical densities. Figure 7 shows the XRD patterns of the sintered samples. The crystal phase of La 2 S 3 remains unchanged. Since the La 2 S 3 powder is contaminated with oxygen impurity, it is stabilized in the -phase. In contrast, the crystal phase of Gd 2 S 3 transforms from the -phase to the -phase. These dense sintered samples of -La 2 S 3 and -Gd 2 S 3 are highly suitable for use as thermoelectric elements. By measuring the Seebeck coefficient, electrical resistivity, and thermal conductivity of these samples, it will be possible to confirm whether they can be used as thermoelectric materials.
Summary
The TG-DTA measurements show that the thermal decomposition of NH 4 SCN occurs in the temperature range from 400 to 530 K. Mass spectrometry reveals that the decomposition products contain NH 3 , CS 2 , H 2 S, and HNCS gases. These gases were introduced into the reaction tube to prepare Ln 2 S 3 (Ln ¼ La and Gd) powders by reaction with Ln 2 O 3 powders at 1273 K for 8 h. The single phase -La 2 S 3 and single phase -Gd 2 S 3 are formed after the sulfurization of La 2 O 3 and Gd 2 O 3 , respectively. The total amount of impurities in these powders was found to be less than 1.0 wt%. The -La 2 S 3 and -Gd 2 S 3 sintered samples were fabricated by pressure-assisted sintering. 
